Introduction
High dietary intake of lactose has been associated with increased risk of ovarian cancer (1, 2) presumably through the toxic effects of un-metabolized galactose (lactose metabolite) on the ovary and associated changes in the ovarian-pituitary axis (3) . Functional polymorphisms in galactose-1-phosphate uridyl transferase (GALT), an enzyme responsible for the interconversion of galactose-1-phosphate and glucose-1-phosphate, have been identified as a cause of galactosemia resulting in developmental problems and early menopause in girls. A more common mutation involving replacement of asparagine with aspartic acid (N314D) occurs in approximately 10% of Caucasians and has been inconsistently associated with reduced GALT activity (4) . A 4-bp deletion in the 5′ proximal region of GALT was identified in cis with N314D and studies suggested that this 4-bp deletion is specifically related to reduced GALT activity (5) (6) (7) (8) . Hence the combination of these two variants distinguishes Duarte 1 (D1) with relatively normal GALT activity from Duarte 2 (D2) with reduced GALT activity.
The relationship between N314D and ovarian cancer has been investigated in several studies (9) (10) (11) (12) (13) . Five studies found similar GALT enzyme activity and frequencies of N314D mutations among ovarian cancer cases overall versus controls (9-13); however, two studies found an increased risk of serous (14) or endometrioid/clear cell (15) tumors in patients that were heterozygous or homozygous variant for N314D, respectively. None of these studies evaluated D1 or D2 genotypes in relation to ovarian cancer risk. Thus, we genotyped both N314D and the 4-bp deletion in epithelial ovarian cancer cases and controls from a New England based case-control study (NECC) and in a nested case-control study within the Nurses' Health Studies (NHS/NHSII). The objective of our study was to determine whether D1 and D2 genotypes were associated with ovarian cancer risk, and whether the associations were modified by lactose and dairy food consumption.
Materials and Methods

Study populations
Data and specimens from the NECC were from two enrollment phases (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . Details regarding case and control enrollment were described previously (16) . The NECC study includes 1,231 epithelial ovarian cancer cases and 1,243 population-based controls residing in Massachusetts and New Hampshire. At study enrollment, participants were asked to recall known and putative ovarian cancer risk factors that occurred at least one year before diagnosis (for cases) or enrollment (controls) and >95% of the participants provided a blood specimen. Institutional review boards at Brigham and Women's Hospital and Dartmouth Medical School approved the study and all participants provided written informed consent.
The Nurses' Health Study (NHS) cohort was formed in 1976 when 121,700 female registered nurses, 30-55 years old and residing in 11 U.S. states, completed an initial questionnaire. The NHSII began in 1989 when 116,430 female registered nurses, aged 25-42, from 14 U.S. states completed a similar questionnaire. Both cohorts have been followed using biennially mailed questionnaires to update exposure information, including data on known and putative ovarian cancer risk factors and to ascertain non-fatal incident diseases. Follow-up rates at each questionnaire cycle were ~90% and 85% for the NHS and NHSII, respectively. In 1989-1990, 32,826 NHS participants submitted a blood sample (17) The characteristics of the NECC and NHS/NHSII study populations were previously reported (19) . Briefly, these studies included 992 cases and 1,050 frequency-matched controls from the NECC and 240 cases and 900 matched controls (matched on month/year of birth, DNA source and menopausal status at diagnosis) from the NHS/NHSII. For the cohorts, cases were diagnosed before June 1, 2006 (NHS) and June 1, 2003 (NHSII) and we included all cases with a DNA specimen collected prior to diagnosis as well as cases who provided a DNA specimen within four years after diagnosis (19) . Cases and controls were matched on postmenopausal hormone use, the month/year, time of day and fasting status at blood draw (20) . Distributions for most ovarian cancer risk factors and the mean reported intakes of lactose and dairy foods were similar across studies; however, the NHS participants were older and more likely to be parous while the NECC participants reported a higher proportion and longer duration of oral contraceptive (OC) use (data not shown).
Diet was assessed every four years through a validated self-administered, semi-quantitative FFQ starting in 1980 (NHS), 1991 (NHSII) or at enrollment (NECC). Respondents were asked about their frequency of intake of individual dairy products and these were converted to a continuous measure of servings/day using the median value within each frequency category (1-3 per month, 1, 2-4 or 5-6 per week, 1, 2-3, 4-5, 6 or more per day) which were converted to servings/day (0.07, 0.14, 0.43, 0.79, 1, 2.5, 4.5 and 6), respectively. Lactose consumption was calculated by multiplying the frequency of intake by the nutrient content of specified portions of dairy products. For example, in the NHS cohort in 2002, 63% of total dietary lactose came from skim/low fat milk, 15% from yogurt, 3% from whole milk, 2% from cottage cheese and 0.9% from hard cheeses. Energy-adjusted lactose intake was calculated using the nutrient residual method. To maintain comparability with the NECC on the time period of exposure, we analyzed the cumulative average dietary intake up to two years prior to the diagnosis date for each case and their matched controls in the NHS/ NHSII. Study specific tertiles for lactose and dairy food intake were calculated based on the distribution in control subjects, and tertile cutpoints were chosen to maximize power.
Genotyping
DNA was extracted from the buffy coat or cheek cells using a Qiagen DNA extraction kit (Valencia, CA) and genotyping for the N314D variant and the 4-bp deletion (-119delGTCA) was performed on whole genome amplified DNA using the 5′ nuclease assay (Taqman) on the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA) at the Dana Farber/Harvard Cancer Center High Throughput Genotyping Core. Individuals with at least one copy of N314D and at least one copy of the 4-bp deletion were classified as the D2 genotype; those with at least once copy of N314D (but no 4-bp deletion) were D1. Laboratory personnel were blinded to case-control status and each plate included replicate samples for quality control, which had 100% concordance. Over 92% of the samples were successfully genotyped.
Statistical analysis
A chi-square test was used to evaluate Hardy-Weinberg equilibrium for N314D genotype frequencies. Chi-square tests were used to compare the distribution of each genotype by case-control status and by sample type (cheek vs. buffy coat). All analyses were conducted separately in the NHS/NHSII and the NECC populations using consistent exposure and covariate definitions and, after testing for heterogeneity in the results, the estimates were pooled using a random effects model (21) . Unconditional (NECC) and conditional logistic regression (NHS/NHSII) was applied to estimate the odds ratio (an estimate of relative risk) and 95% confidence intervals for the main effect of the D1 or D2 genotype.
Analyses were restricted to white women due to ethnic variation in the allelic distribution of N314D (22) . All multivariable analyses were adjusted for parity, OC use and family history of breast/ovarian cancer, and the NECC study was additionally adjusted for age, study center and body mass index. In the NHS, we used covariate data from two years prior to the diagnosis date for each case and their matched controls. Additional covariates were evaluated as potential confounders (smoking or menopausal status, postmenopausal hormone use, breastfeeding and tubal ligation) but were not included in the final model because they did not substantially alter the risk estimates.
To assess effect modification by dairy food and lactose consumption, we used unconditional logistic regression (additionally adjusting for age and DNA source in the NHS/NHSII) to model the association between D1 or D2 genotypes and ovarian cancer risk within each intake stratum, and calculated the P-value for interaction using the chi-square test for the difference between the log likelihoods for models with and without multiplicative interaction terms. Analyses were performed using SAS 9.2 (SAS Institute Inc., Cary, NC).
Results
No association was observed between the D1 or D2 genotypes and ovarian cancer risk (pooled RR = 1.1 (95% CI, 0.8-1.5) for D1 and 1.0 (95% CI, 0.7-1.4) for D2) ( Table 1) . We observed similar associations in analyses by histologic subtype (serous invasive/borderline, endometrioid/clear cell) (data not shown). Among 23 NECC and 10 NHS/NHSII individuals with two copies of D2 and a presumed 50% reduction in GALT activity, this genotype was not related to case-control status, although 42% of the 12 NECC cases had an endometrioid histology ( Table 2) .
We did not observe an association between ovarian cancer risk and consumption of lactose or individual dairy foods (skim/low fat milk, whole milk, yogurt, cottage/ricotta cheese, hard cheeses) (data not shown). When stratifying by lactose or skim/low fat milk intake, we observed no associations between the D1 or D2 genotype and ovarian cancer risk in any strata (P interaction ≥ 0.3) ( Table 3) . We also observed no associations between D1 or D2 genotypes and ovarian cancer risk when we stratified by reported intake of whole milk, yogurt, hard cheese or cottage/ricotta cheese (data not shown). We observed no association between the D1 or D2 genotypes and risk of serous invasive ovarian cancer in similar comparisons stratified by lactose and dairy food intake (data not shown).
Discussion
Our results do not support the hypothesis that the D1 or D2 genotypes alone or in conjunction with dairy or lactose consumption are associated with risk of ovarian cancer. This is consistent with previous reports of no association between GALT enzyme activity or N314D mutation and ovarian cancer risk (9-13). We confirmed our prior observation in an overlapping dataset (15) that endometrioid cases were more likely to have two copies of D2, although this was based on small numbers. To explain the increased risk of ovarian cancer associated with high levels of lactose intake, Cramer et al. (3) hypothesized that dietary galactose could increase risk by causing primary ovarian insufficiency and depletion of oocytes leading to subsequent gonadotropin stimulation of the ovaries (23). In the current study, D2 carriers with a presumed 25% reduction in GALT activity did not appear to have increased risk of ovarian cancer. In support of our findings, there have been no reports of ovarian dysfunction among women with Duarte galactosemia (24) (i.e., among patients with a G/D2 genotype who demonstrate ~75% reduced GALT activity, the 'G' allele is a classic galactosemia allele).
Strengths of this study include our ability to evaluate the D1 and D2 genotypes separately for the first time in relation to ovarian cancer risk in two independent study populations, one with a large number of cases and the other with prospective data on diet and ovarian cancer incidence. Limitations include the retrospective assessment of dietary intake in the case control study, however the consistency in the NECC study and the NHS/NHSII results (collected prospectively) suggests that bias related to study design was not a major issue.
Testing a large enough sample size was an issue; the minimum detectable Odds Ratio (OR) in our study at 80% power (type I error of 5%) was 1.30. Given that many genetic associations have smaller ORs, we cannot rule out a more modest association. To address the limitation of sample size, further studies that evaluate the D1/D2 genotypes in a largescale pooled analysis would be useful. The 4-bp deletion cannot be identified using data from GWAS and therefore genotyping or high-throughput assays such as the allele-specific PCR described by Carney et al. (8) would be needed to distinguish the D1 and D2 genotypes.
In summary, excess galactose has been hypothesized to lead to increased risk of ovarian cancer and has been linked to other reproductive outcomes such as infertility (25) . In the current study, functional genetic variants in GALT did not appear to play an important role in this pathway nor in relation to ovarian cancer risk, even among the subgroup of individuals with the highest lactose intake. It would be of value to evaluate genetic variation in other genes that encode key enzymes that play a role in the metabolism of dietary galactose (GALE, GALK) and to further interrogate other genetic variants in GALT in relation to risk of reproductive outcomes and/or ovarian cancer in studies that can integrate these findings with dietary galactose intake. These studies may provide important new insights into the potential associations between galactose intake, possible ovarian dysfunction, and the link with ovarian cancer. Table 1 Pooled RR (95% CI) for the association between GALT genotypes (Duarte 1 and Duarte 2) and ovarian cancer risk in the NECC and the NHS Distribution of GALT Duarte genotypes among the NECC and NHS Association between GALT Duarte genotypes and risk of ovarian cancer stratified by lactose or skim/low fat milk consumption in the NECC and the NHS c Pooled relative risks were estimated using the DerSimonian-Laird estimators for random effects.
d P values for heterogeneity comparing the NECC and NHS/NHSII results were significant for Duarte 2 in the first tertile (0 ≤ 32%) of lactose consumption (P = 0.04) and the remaining P values for the lactose models were all ≥ 0.41. For the skim/low fat milk models, all P values for heterogeneity comparing the NECC and NHS/NHSII results were ≥ 0.14.
e Tertile cutpoints for lactose intake (g/day) were determined based on the distribution of lactose intake among controls in the NECC (7.6, 14.4) and the NHS/NHSII (9.0, 16.1 and 10.0, 18.4 in the NHS and NHSII, respectively).
f The P value for interaction was calculated using the Chi-square test for the difference between the log likelihood for models with and without multiplicative interaction terms between diet stratum (lactose or skim/low fat milk) and Duarte genotypes.
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